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ABSTRACT

Although the behavior of silicon (Si) in gallium arsenide (GaAs) has been extensively studied, a comprehensive understanding of compensation
mechanisms and defect dynamics remains an active area of research. Moreover, a methodological gap persists between atomic-scale
defect identification and quantitative depth profiling across technologically relevant device architectures. In this study, we investigated a
GaAs/GaAs:Si/GaAs multilayer structure grown by metalorganic vapor phase epitaxy, along with calibration samples of varying silicon concen-
trations, using a combined approach of Ultra Low Impact Energy Secondary Ion Mass Spectrometry (SIMS) and Electrochemical Capacitance–
Voltage profiling. To our knowledge, this work provides the first quantitative depth profiles of individual silicon-related defects—including
SiGa, SiAs, SiGa–SiAs pairs, and SiGaVGa complexes—with subnanometer resolution. Polyatomic species specific to these defects were identified,
enabling SIMS signals to be linked directly to carrier concentration. A calibration strategy integrating a material-specific defect model with exper-
imental profiles was developed, unlocking quantification of defect distributions solely based on SIMS data. Post-growth annealing (800–1000 °C)
revealed defects, redistribution, and diffusion behavior, allowing the extraction of diffusion parameters for SiGa and Si pairs species. Our findings
establish a quantitative framework for disentangling the individual contributions of silicon-based defects to compensation effects in GaAs:Si.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0281923

I. INTRODUCTION

Silicon-doped gallium arsenide (GaAs:Si) remains an important
material in high-frequency electronics and infrared optoelectronics,
where its combination of high electron mobility and tunable doping
makes it well-suited for applications, such as high-electron-mobility
transistors (HEMTs) and optoelectronic devices. Although techno-
logical advances have enabled practical workarounds for some limi-
tations associated with GaAs:Si, particularly in device fabrication,
there remains ongoing interest in fundamental studies aimed at
understanding the microscopic origins of compensation and
defect-related behavior. Such insights are especially valuable in

addressing persistent challenges, such as achieving low-resistance
ohmic contacts suitable for plasmoelectronic devices.1

Efficient doping of gallium arsenide with silicon is hindered
by compensation effects inherent to this material system. Silicon in
GaAs exhibits amphoteric behavior, meaning it can occupy either
gallium sites (SiGa), acting as a donor, or arsenic sites (SiAs), acting
as an acceptor.2–5 However, the amphoteric nature of silicon alone
does not fully explain the observed limited carrier concentration.6,7

Beyond this intrinsic self-compensation, additional mechanisms
have been identified that further suppress electrical activity at
high doping levels. These include the formation of electrically
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neutral silicon pairs (Sip), composed of neighboring donor–
acceptor pairs (SiGa–SiAs),

7–9 and negatively charged silicon-
vacancy complexes SiGaVGa

2−,2,10–14 which are thought to originate
from Coulombic attraction between SiGa

+ donors and triply nega-
tively charged gallium vacancies (VGa

3−).2 Although the active carrier
concentration in Si-doped GaAs is known to saturate at approxi-
mately 5 × 1018 cm−3,7,15,16 a quantitative, depth-resolved character-
ization of individual silicon-based defects in this material has, to
our knowledge, not yet been achieved.

Understanding the distribution and chemical identity of
Si-based defects in GaAs is hindered by the limitations of
commonly used characterization methods. For instance, carrier
concentration profiling techniques, such as electrochemical
capacitance–voltage (ECV) measurements, provide only collective
information on the depth distribution of free carriers, without
insight into the specific defect species responsible for compensation
effects.17 Scanning tunneling microscopy (STM), which has been
successfully employed for the identification and quantitative esti-
mation of Si-related defects in GaAs, offers high spatial resolution
and sensitivity.2,18–20 However, while cross-sectional STM on
cleaved surfaces can resolve depth profiles across multilayer struc-
tures or at buried interfaces, the technique’s primary limitation for
quantitative analysis is statistical, as its reliance on counting indi-
vidual dopants over small areas makes obtaining representative
data a significant challenge. Although many characterization
methods have contributed valuable insights,2,9,13,14,18,21–24 the
precise lattice site dynamics and coordination environments of Si
atoms in heavily doped GaAs are not yet fully understood.

Among the standard techniques for depth profiling,
Secondary Ion Mass Spectrometry (SIMS) is widely used; however,
its historical inability to differentiate between defect types with dis-
tinct chemical characteristics limits its applicability for defect-
specific analysis. To address this limitation, Ultra Low Impact
Energy Secondary Ion Mass Spectrometry (ULIE-SIMS) has
emerged as a promising alternative, operating at primary ion ener-
gies in the 90–150 eV range.25 At these energies, the sputtering
mechanism differs fundamentally from that in conventional high-
energy SIMS, enabling the emission and detection of intact poly-
atomic cluster ions retains chemical bonding information.25

Previous studies have demonstrated the capability of ULIE-SIMS to
provide meaningful qualitative information about electrically active
impurities in semiconductor structures,26,27 such as zinc-doped
GaAs/AlGaAs system where polyatomic ion signals reflected substi-
tutional Zn atoms acting as acceptors.26 However, in the case of Si,
the amphoteric behavior and the presence of multiple compensat-
ing configurations significantly complicate the methodological
landscape. These factors prevent the use of a single, uniquely iden-
tifiable SIMS signal to represent electrically active silicon.
Moreover, previously used calibration strategies—such as correlat-
ing a single ULIE-SIMS signal with carrier concentration—become
less straightforward when a significant fraction of the dopant is
self-compensated.

We present a ULIE-SIMS-based approach for the quantitative
analysis of individual silicon-based defects in GaAs, enabling depth
distribution probing of SiGa, SiAs, Sip, and SiGaVGa defect com-
plexes. For this purpose, we investigated a multilayer structure
grown by Metalorganic Vapor Phase Epitaxy (MOVPE) consisting

of a 500 nm Si-doped GaAs layer embedded between two undoped
epitaxial GaAs layers of the same thickness, alongside a series of
calibration samples. We identified polyatomic ULIE-SIMS signals
associated with specific silicon-based defect species. Their physical
relevance to carrier concentration was then assessed through com-
parison with ECV profiles. By comparing ULIE-SIMS depth pro-
files with carrier concentration profiles obtained via ECV
measurements, we determined calibration coefficients and derived
an empirical formula allowing the extraction of carrier distributions
from ULIE-SIMS signals. This approach addresses challenges of a
conventional ECV technique, particularly in samples affected by
surface degradation or with complex doping profiles and abrupt
doping transitions.

The GaAs/GaAs:Si/GaAs structure was subjected to post-growth
annealing in the temperature range of 800–1000 °C, enabling the
investigation of defect redistribution and diffusion behavior. This
approach provided quantitative insights into the contributions of
individual defect species to electrical compensation, allowed estima-
tion of diffusion coefficients for SiGa and Sip defects, and assessment
of the impact of arsenic loss during thermal treatment. By investigat-
ing Si-based defect species and their thermal evolution, this study
contributes to a deeper understanding of the interplay between
dopant diffusion, defect-driven compensation, and carrier saturation
phenomena in Si-doped GaAs.

Ultimately, this methodology provides a framework for quan-
titatively resolving the individual contributions of silicon-based
defects to the observed compensation, offering a new predictive
tool for optimizing doping and/or activation strategies and ulti-
mately device fabrication in GaAs-based technologies. Moreover,
the underlying ULIE-SIMS methodology can potentially be
extended to other doped semiconductor systems and complex
materials, including emerging semiconductor oxide technologies,
such as β-Ga2O3.

28 Such oxide semiconductors often pose chal-
lenges for conventional characterization techniques, such as ECV
measurements, as profiling is typically limited to surface layers due
to the material’s wide bandgap and related constraints in measure-
ment depth.29 The ULIE-SIMS approach based on a defect struc-
ture could offer a valuable alternative to address these limitations,
enabling qualitative defect profiling even when standard electrical
characterization methods are limited or impractical. This inherent
flexibility positions ULIE-SIMS as a versatile and powerful tech-
nique with significant potential for advancing both fundamental
materials science and the optimization of early-stage processes in
device fabrication.

To facilitate clarity and traceability of the methodological and
analytical workflow, we briefly outline the structure of the paper.
This overview connects the conceptual framework with the experi-
mental results, calibration steps, and quantitative analyses and leads
to the broader discussion of implications. Following Sec. II, Sec. III
introduces the defect model, defining the material assumptions
used to express total Si content and net carrier concentration in
terms of the concentrations and charge states of specific Si-based
defects, and then outlines the methodological framework, explain-
ing the rationale for selecting particular ULIE-SIMS signals and
their qualitative relationships to defect species based on prior
ULIE-SIMS studies. Section IV first presents qualitative ULIE-SIMS
profiles for the selected signals (Si, Si2, As3Si, and Ga3Si) in the
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GaAs/GaAs:Si/GaAs structure in both as-grown and annealed
states, together with SIMS-based assessment of arsenic loss during
annealing, and discusses these findings within the adopted frame-
work, including its limitations under As-poor conditions. This is
followed by the development and validation, using a dedicated cali-
bration sample set, of an empirical relationship linking carrier con-
centration to the As3Si and Ga3Si signals, yielding calibration
coefficients α and β, which are then applied to obtain
depth-resolved carrier concentration profiles for the main struc-
tures. The empirical carrier–signal equation is next combined with
the assumptions of Sec. III to reconstruct quantitative depth pro-
files for SiGa and SiGaVGa, together with directly calibrated profiles
for Sip and an estimate of SiAs derived from the physical constraint
that SiGaVGa concentrations must remain non-negative; all calibra-
tion parameters and their physical interpretations are summarized.
This framework is then applied to generate complete depth distri-
butions for all considered defects and total Si, and the evolution of
these profiles in as-grown and annealed samples is analyzed to
extract insights into diffusion and redistribution. Section V inter-
prets these quantitative results in the context of prior literature,
evaluates methodological strengths and limitations, and considers
the broader implications and future applications of defect analysis
using ULIE-SIMS. This paper concludes in Sec. VI with a concise
summary of the key findings, the methodological contributions of
this work, and the potential for extending the ULIE-SIMS frame-
work to other semiconductor systems.

II. EXPERIMENTAL

A. GaAs/GaAs:Si/GaAs structure

Epitaxial GaAs/GaAs:Si/GaAs structure layers were grown on
a 2-in. undoped, single-side-polished GaAs substrate with exact
(100) orientation. Growth by MOVPE was performed in an AIX
2800 G4 low pressure horizontal laminar flow reactor with a
12 × 200 configuration. Trimethylgallium (TMGa) was used as the
III-group source and arsine (AsH3) as the group-V source. The real
temperature of the wafer surface was 720 °C (monitored using the
Laytec in situ reflectance measurement system). For n-type doping,
silane (SiH4) diluted in H2 was used. The growth process entailed
three sequential phases: the deposition of a 1 μm nominally
undoped GaAs layer (NUD), the deposition of a 0.5 μm Si-doped
GaAs layer (a total Si concentration of 1.4 × 1019 atoms/cm3), and
the deposition of a 0.5 μm undoped GaAs layer (NUD). Precise
doping was realized thanks to in situ mixing of SiH4 with
Pd-purified hydrogen used in the epitaxial process as a carrier gas.
Thickness and growth rate were calibrated using SEM cross-
sectional analysis and SIMS. After the process, the quality of the
sample was assessed with optical microscopy confirming a “mirror-
like” surface without visible defects.

B. Calibration samples

Calibration samples (C1–C6) were deliberately grown in a dif-
ferent reactor from the primary GaAs/GaAs:Si/GaAs structure to
evaluate the universality of the developed procedure and the consis-
tency of signal calibration across varying growth conditions and
equipment. All calibration samples were epitaxially grown on GaAs

semi-insulating substrates in a commercial horizontal high purity30

MOVPE reactor (AIX 200) at low pressure (80 mbar) using purified
N2 as a carrier gas, at a thermocouple temperature of 740 °C.
Trimethylgallium (TMGa), arsine (AsH3), and disilane (Si2H6,
diluted in N2) were used as group-III, group-V, and doping precur-
sors, respectively. Thickness and growth rate were calibrated using
SEM cross section. After the growth, the quality of the samples was
assessed with an optical microscope in a (Nomarski) differential
interference contrast (N-DIC) mode ensuring a “mirror-like”
surface without defects. The first batch of samples consisted of
three samples grown on (100) substrates intentionally misoriented
by 0.05° toward the (111)B crystallographic plane (±0.02° toler-
ance), with varying total Si concentration levels of 9 × 1016 (C1),
4.25 × 1018 (C2), and 4.6 × 1019 atoms/cm3 (C3), as measured by
SIMS based on standard Si calibration samples. The second batch
was composed of three samples grown simultaneously on (100)
substrates with various intentional misorientations: 0.05° toward a
(111)B crystallographic plane (±0.02° tolerance), 0.2° toward
a (111)A crystallographic plane (±0.02° tolerance), and 6° toward a
(111)A crystallographic plane (±0.1° tolerance), resulting in total Si
concentration levels of 9.9 × 1018 (C4), 7.2 × 1018 (C5), and
1.1 × 1019 (C6) atoms/cm3, respectively.

C. GaAs/GaAs:Si/GaAs annealing

The GaAs/GaAs:Si/GaAs wafer was cleaved into several pieces
following growth. Individual pieces were then annealed at tempera-
tures ranging from 800 to 1000 °C, in 50 °C increments, for 30 min
each. Annealing was conducted in a horizontal zone furnace under
vacuum (∼1 × 10−5 mbar), with samples enclosed in sealed quartz
ampoules. Samples were protected using a twin-layer GaAs cap,
which was placed inside the ampoules to minimize arsenic loss
during annealing. This approach was effective up to 950 °C;
however, partial arsenic evaporation was observed at 1000 °C, as
discussed later in this work. Temperatures were monitored using a
calibrated chromel–alumel thermocouple.

D. ULIE-SIMS

In this work, all SIMS measurements were performed employ-
ing a CAMECA SC Ultra instrument under ultrahigh vacuum
(UHV), usually of 4 × 10−10 mbar. The Cs+ primary beam was ras-
tered over 150 × 150 μm2 (the analysis area was limited to
100 × 100 μm2). The primary beam had an intensity of 5 nA, with
an accelerator voltage of 8000 V, a sample holder voltage of 5000 V,
and a floating voltage of 2850 V, resulting in an impact energy of
150 eV at an incidence angle of 75°. These non-standard measure-
ment conditions lead to a very slow erosion rate of approximately
2 nm/min, meaning that each sample was measured for about 14 h.
Such long acquisition times require primary beam service, which is
carried out in an automatic mode as described in our previous
work.31 The positive ion detection mode was used in most experi-
ments, and thus, all species were measured as CsX+ cluster ions
and point-to-point normalized to Cs+ signals. The following X
signals were measured: Si, Ga3Si, As3Si, and Si2. For simplicity,
throughout the remainder of this work if not stated otherwise, the
convention is adopted where X refers to the CsX+ signal. All
signals were measured during a single acquisition. However, the
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extraction parameters were optimized individually for each signal,
as also described in our previous work.31 The Si signal was cali-
brated using a reference sample (a clean substrate implanted with
silicon), and the relative sensitivity factor (RSF) was determined
following the well-established approach.32 For each sample, the
matrix signal (Ga) was measured at the end of the experiment by
integrating the gallium intensity over 30 s. The resulting values
were consistent across all samples, with a relative deviation of
only ±0.87%. This high reproducibility allowed the matrix signal
dependence to be eliminated, and the calibration factor
h = 1.24 × 1015 atoms/cm3 per count per second to be expressed as
an absolute calibration factor. In the case of Si2, no reference mate-
rial with known dimer concentration is available. Therefore, an
alternative approach was used: the Si2/Si signal ratio was measured
for four distinct solid-state materials, namely, monocrystalline Si,
polycrystalline Si, amorphous Si, and CaSi2. All measurements
yielded a consistent ratio of 1.88 ± 4%, despite the structural and
chemical differences between the samples. This reproducibility jus-
tified extrapolation to GaAs-based samples, and the corresponding
calibration factor was defined as h1 = h/1.88, and thus,
h1 = 6.61 × 1014 atoms/cm3 per count per second. The estimation of
measurement uncertainty, which involves more complex aspects, is
discussed in detail in the Error estimation section of the
supplementary material.

E. ECV

Carrier concentration profiles were obtained using a Wafer
Profiler CVP21 via standard ECV techniques.17 For most
samples, a large-area sealing ring (10 mm2) was used to minimize
etching edge effects;17,33,34 in cases of surface degradation after
annealing, a smaller ring was employed. ECV measurements on
calibration samples were further validated by Hall effect measure-
ments using a Lake Shore Cryotronics 8400 Series HMS system.
For GaAs etching, a 0.1 M EDTA in a 0.18 M NaOH electrolyte
was used. While measurement accuracy was high for the
as-grown and calibration samples, annealed structures exhibited
surface roughness that introduced some uncertainty. Considering
that the measurements on annealed samples aimed primarily to
provide qualitative confirmation of the carrier profiles obtained
via ULIE-SIMS, the reduced accuracy was not a critical issue in
this part of the study.

III. DEFECT MODEL AND THE MEASUREMENT
FRAMEWORK

In this study, we employ SIMS to investigate the distribution
of various silicon-based defects in gallium arsenide. The underlying
concept of these measurements is to use ultralow energy of the
primary ion beam during SIMS bombardment (ULIE-SIMS).25

It has been demonstrated that for impact energies in the range of
90–150 eV, the sputtering process is significantly different from the
standard SIMS experiment (impact energy 1 keV and above). In
such a case, each primary ion carries too little energy to effectively
break covalent bonds, and therefore, the probability of sputtering
larger species is enhanced. Furthermore, the energy transferred
from the primary ions is not sufficient to form new bonds between
the sputtered species.25 Therefore, using ULIE-SIMS yields

qualitative information about a chemical state, indicating that
strong covalent bonds exist between atoms in the sample.25 In pre-
vious works, the method was successfully employed in III–V doped
structures, including AlGaA:Zn and InP:Zn, demonstrating that
appropriately selected signals from polyatomic ions can provide
qualitative information about the distribution of electrically active
impurities in semiconductors.26,27

To develop a tailored ULIE-SIMS measurement procedure for
a specific doped material, it is crucial to select complex signals that
can be explicitly interpreted. The case of GaAs:Si is particularly
challenging due to the amphoteric nature of silicon in this material
and the coexistence of various compensation effects that dominate
in different concentration regimes. To address these challenges, a
comprehensive approach was employed, combining a material
model with a critical evaluation of ULIE-SIMS signal selection and
analysis.

A. Defect model

Our considerations are based on several key assumptions,
aligned with the commonly reported defect framework for heavily
silicon-doped n-type GaAs:Si.2,9–11,18 We consider four primary
types of silicon-related defects: SiGa

+ as a donor, SiGaVGa
2− and SiAs

− as
acceptors, and Sip as a neutral defect. It is assumed that all silicon
atoms are incorporated into the crystal lattice in one of these defect
states, and that no interstitial silicon species are present in the
material. Consequently, the total silicon concentration [Si] is
described by the relationship

Si½ � ¼ SiGa½ � þ SiGaVGa½ � þ SiAs½ � þ 2 Sip
� �

, (1)

where square brackets represent the concentrations of the respective
species. The free-carrier concentration distribution n is assumed to
result from the interplay of all charged defects and is given by

n ¼ [SiGa]� 2[SiGaVGa]� [SiAs]: (2)

These assumptions form the basis for the analysis of the
behavior of silicon-related defects and their contribution to carrier
dynamics in the considered material system.

B. Methodological framework—Selection of ULIE-SIMS
signals

The primary criterion for selecting complex signals in
ULIE-SIMS studies is the presence of chemical bonds between spe-
cific atoms in the analyzed sample. Considering the crystalline
structure of GaAs:Si, we have identified three signals: Si2, Ga3Si,
and As3Si as promising indicators for characterizing silicon-related
defects, specifically Sip, SiAs, SiGa, and SiGaVGa. Figure 1 provides a
schematic illustration demonstrating the connections between each
selected signal and its corresponding defect structure.

The Si2 signal has an unambiguous interpretation—It reflects
the qualitative distribution of silicon pairs in the studied samples.
None of the defects considered has a structure competing with
silicon pairs (SiAs–SiGa bond), which could complicate signal
decoding. Based on previous works26,27 if the probed species is
selected correctly, the intensity of the signal is directly proportional
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to the concentration of the defects being probed. Therefore, we
assume that the concentration of silicon pairs [Sip] in the sample is
proportional to the intensity of the Si2 signal,

Si2 � [Sip]: (3)

Similarly, for the SiAs defect, where silicon substitutes arsenic,
the Si in the crystalline lattice is bonded to gallium. Therefore, the
Ga3Si signal (silicon bonded to three gallium atoms) was selected
to study the SiAs concentration distribution under following
assumption:

Ga3Si � [SiAs]: (4)

The remaining two defects, SiGa and SiGaVGa, are structurally
similar, sharing the common feature of silicon substituting gallium
in the crystalline lattice. ULIE-SIMS, by its fundamental nature, is
not able to probe vacancies existing in the material, making it
impossible to identify a unique signal distinguishing these two
defects. However, silicon substituting gallium, whether as a donor
or as part of a complex with a vacancy acting as an acceptor, is
bonded to arsenic atoms. Therefore, the As3Si signal is a suitable
candidate for providing collective information about these defects.
Moreover, if the concentration of the SiGaVGa defect is negligible
relative to that of SiGa, a direct proportionality can be expected,

similar to the case of uniquely identifiable defects,

If [SiGaVGa] � [SiGa], As3Si � [SiGa]: (5)

Experiments conducted under ultralow impact energy condi-
tions differ significantly from conventional SIMS experiments;
however, the fundamental principles of the SIMS technique remain
unchanged. As in classical dynamic SIMS, there is a proportional
relationship between the measured secondary ion counts of a
species x (Is

x) and its concentration Cx in the sample. In the case of
ULIE-SIMS, by sampling distinctly interpretable CsX+ cluster ions,
there exists a proportional relationship between the CsX+ intensity
and the structural counterpart of X in the sample.26,27 However,
when selecting a signal whose intensity may be influenced by the
presence of multiple species, such as in the case of the As3Si signal
originating from SiGa and SiGaVGa defects, the situation remains
unexplored.

The measured signal intensity is assumed to be an unknown
function of the concentrations of the contributing defect species.
Specifically, for the As3Si signal, its intensity can be expressed in
the most general form as an unknown function f1 of the concentra-
tions of SiGa and SiGaVGa such that

As3Si � f1([SiGa], [SiGaVGa]): (6)

However, no specific form can be assumed for the function f1,
as there is currently a lack of experimental or theoretical evidence
that would permit the deconvolution of signal contributions arising
from multiple structurally similar defect species. To date,
ULIE-SIMS studies have not addressed this particular challenge,
and the mechanisms governing polyatomic signal formation in
such cases remain insufficiently characterized.

Alongside the complex signals selected for studying silicon-
based defects, the distribution of the total silicon concentration (Si)
was also examined by measuring the Si signal intensity (CsSi+), uti-
lizing the standard SIMS capability to quantify overall elemental
distributions. This measurement was calibrated using a well-
established RSF-based procedure, as described in Sec. II.

IV. RESULTS AND ANALYSIS

A. ULIE-SIMS profiles—A qualitative perspective

Figure 2 presents SIMS depth profiles for GaAs/GaAs:Si/GaAs
structures, obtained both before and after annealing at temperatures
between 800 and 1000 °C. The measurements of selected Si-based
polyatomic species were performed while simultaneously monitor-
ing the total silicon signal (Si).

1. Total Si and Si2

Figure 2(a) displays the qualitative total Si depth profile,
which shows a rectangular distribution in the as-grown state, char-
acterized by sharp interfaces and uniform concentration within the
doped region. Upon annealing, the profile broadens progressively,
consistent with diffusion from an initially rectangular distribution.
The Si2 signal [Fig. 2(b)], corresponding to neutral SiGa–SiAs pairs
(Sip), also exhibits a rectangular profile in the as-grown state. After
annealing, the Si2 signal shows minimal changes in both the

FIG. 1. Schematic representation of the relationship between defect structures
and selected ULIE-SIMS signals. The circled areas schematically illustrate the
parts of defects chosen to provide information about each defect: (a) SiGa–SiAs
(Sip)—the selected signal is Si2, (b) SiAs—the selected signal is Ga3Si, (c)
SiGa—the selected signal is As3Si (ambiguous interpretation due to structural
similarity with the SiGaVGa defect), and (d) SiGaVGa—the selected signal is
As3Si (ambiguous interpretation due to structural similarity with the SiGa defect).
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intensity and spatial distribution, even at 1000 °C, remaining con-
fined to the doped region, with no significant broadening or
tailing, in contrast to the behavior observed for the total Si signal.

2. Ga3Si and As3Si

The Ga3Si signal [Fig. 2(c)], assumed to correspond to SiAs
acceptors, exhibits pronounced maxima near the doped/undoped
interfaces in the as-grown sample. On the undoped side, the profile
forms a sharp front, while on the doped side, it decays gradually.
Within the doped layer, Ga3Si intensity decreases linearly with
depth in the direction of the surface. Annealing enhances the Ga3Si
signal, with broader and smoother profiles observed between 800
and 950 °C. Diffusion-like tails extend into nominally undoped
regions, though not as far as those of As3Si [Fig. 2(d)]. At 1000 °C,
the profile shows a distinct plateau and extended tail.

The As3Si signal [Fig. 2(d)], which under our defect model
represents a convolution of SiGa and SiGaVGa contributions,

displays uniform intensity across the doped layer in the as-grown
sample. With annealing, it evolves into a broad plateau with
increasing intensity up to 950 °C, followed by a decrease at
1000 °C.

These qualitative depth profiles provide valuable insights
into the behavior and redistribution of silicon-related defects
during annealing. However, they do not allow quantitative deter-
mination of individual defect concentrations, especially given the
ambiguous nature of the As3Si signal [Eq. (6)]. Moreover, the
quantification framework applied in this study relies on a specific
defect model tailored to nominal growth conditions, assuming a
well-defined silicon defect landscape. However, under high-
temperature annealing, especially in arsenic-deficient environ-
ments, the stability and formation energies of competing defect
species may shift. Therefore, before proceeding to quantitative
defect analysis, it is necessary to assess the arsenic distribution
within the samples, as it may influence the applicability of the
adopted defect model.

FIG. 2. Depth profiles of all measured Si-based species X where (a) X = Si, (b) X = Si2, (c) X = Ga3Si, and (d) X = As3Si obtained with ULIE-SIMS for a
GaAs/GaAs:Si/GaAs structure—as-grown and annealed at (800–1000) °C. All species were measured as CsX+ cluster ions and point-to-point normalized to Cs+ signals.
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3. Arsenic distribution

Figure 3 presents the intensity depth profiles obtained for
arsenic in all GaAs/GaAs:Si/GaAs samples, both as-grown and
annealed.

At annealing temperatures below 1000 °C, arsenic depletion is
confined to relatively shallow layers, with a maximum depth of
approximately 200 nm at 950 °C. These regions lie outside the
nominally doped region (500–1000 nm) and do not overlap with
areas where diffused silicon-related species are observed. In con-
trast, at 1000 °C, significant arsenic escape occurs not only from
the surface but also from the doped region itself. Despite the use of
a GaAs cover to minimize arsenic loss, the results in Fig. 3 demon-
strate that the protective mechanism was ineffective at this
temperature.

B. Interpretation of qualitative profiles within the
defect model framework

The qualitative ULIE-SIMS profiles (Fig. 2) suggest distinct
redistribution behaviors for different silicon-related species during
thermal annealing, and their interpretation can be analyzed within
the framework of the adopted defect model and observed arsenic
loss. The minimal change in the Si2 intensity and shape indicates
low diffusivity and high thermal stability of Si pairs. Notably, this
stability persists even under arsenic-deficient conditions at 1000 °C,
underscoring the chemical resilience of Si–Si pair configurations
and their insensitivity to changes in the local arsenic environment.

In contrast to the relatively stable Si2 signal, the Ga3Si and
As3Si signals exhibit a more dynamic response to annealing. The
enhancement of the Ga3Si signal suggests increased Si incorpora-
tion on arsenic sites, while its confined spatial distribution and
modestly evolving diffusion tails indicate rather low mobility of the

SiAs defect. The As3Si signal, reflecting a convolution of contribu-
tions from SiGa and SiGaVGa defects, shows that a broader spatial
extent relative to Ga3Si and Si2 suggests that SiGa-type defects are
more mobile. The reduced As3Si tail compared to total Si may
reflect either lower mobility of SiGa-related defects or simply worse
detection sensitivity for polyatomic signals. We favor the latter
explanation, as ULIE-SIMS sensitivity to polyatomic ions is gener-
ally lower, leading to apparent profile truncation in low-
concentration regions.

At 1000 °C, both Ga3Si and As3Si signals exhibit distinct
changes. A plateau and extended tails emerge in the Ga3Si profile,
and a shift in the As3Si intensity trend appears within the nomi-
nally doped region. These effects are likely linked to enhanced
arsenic depletion in the doped layer under As-poor conditions at
elevated temperatures.

It is important to recognize that a known consequence of such
significant arsenic loss from a GaAs surface is the formation of Ga
droplets, which creates considerable initial surface topography.35–37

This roughness could potentially introduce measurement artifacts
in SIMS, such as an apparent broadening of features, particularly at
1000 °C.

While surface roughness may influence apparent profile shapes,
a further intrinsic limitation of SIMS and ULIE-SIMS needs to be
considered. The sensitivity of SIMS to changes in the matrix element
concentration is insufficient to detect variations in arsenic stoichiom-
etry at a level that would be electronically significant. SIMS does not
provide direct information on the vacancy distribution, and thus, the
observed stability of the arsenic signal does not preclude changes in
the arsenic vacancy (VAs) population within the material.

Nevertheless, the defect model adopted for this study assumes
that complexes involving silicon atoms and arsenic vacancies, as
well as isolated arsenic vacancies, do not exist at concentrations
high enough to influence the net carrier concentration. This
assumption is grounded in the established understanding of the
defect landscape in highly n-doped GaAs:Si. The literature is
largely in agreement that the SiGaVGa complex is the dominant
compensating defect in such materials. For example, Bondarenko
et al. studied n-type samples with Si concentrations similar to
those in our doped layer, annealed under a controlled arsenic
vapor pressure, and identified SiGaVGa as the key defect; VAs was
found to be significant only in annealed undoped samples.22 It can
also be potentially expected to play a non-negligible role for
samples with low dopant concentration.

The experimental configuration used in the present study was
designed to create conditions analogous to arsenic-rich annealing
for the critical buried layer. The Si-doped region was located
500 nm below the surface and was protected by both an undoped
GaAs layer and an external GaAs piece. This multi-layer structure
serves as a physical barrier to arsenic escape. Although the surface
layer is sacrificially consumed, the buried doped layer is effectively
protected, mimicking an anneal under As-rich conditions.
Consequently, the application of a defect model appropriate for
n-type GaAs:Si annealed under an As-rich environment is consid-
ered the most accurate approximation for the system investigated.

It is, however, acknowledged that the SiGaVAs complex has been
identified in previous studies of n-type GaAs, specifically in bulk
crystals grown by the Bridgman method.23,24 These observations

FIG. 3. Qualitative arsenic concentration distribution within GaAs/GaAs:Si/GaAs
structures for as-grown and annealed samples. The arsenic profiles indicate a
progressive escape of arsenic from the samples with increasing annealing tem-
perature. Vertical lines indicate the borders between the nominally undoped
(NUD) and Si-doped layers.
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were made under two distinct scenarios. The defect was found in
highly Si-doped samples after a high-temperature anneal. Although
this anneal was performed in an arsenic atmosphere, the conditions
have been characterized as thermodynamically As-poor due to the
low vapor pressure relative to the temperature, which is known to
favor the formation of arsenic vacancies.24 The defect was also iden-
tified in as-grown, unintentionally doped samples where the hori-
zontal Bridgman growth method itself is known to produce Ga-rich
(As-poor) stoichiometry.24

In contrast, the samples investigated in the present study
differ in two fundamental aspects: the crystal growth technique and
the annealing environment. First, MOVPE growth under As-rich
conditions (i.e., high V/III ratio) is known to influence the native
defect formation energetics in GaAs.11,38 In contrast, bulk
Bridgman-grown GaAs, typically obtained under comparatively
As-poor conditions, exhibits a distinct defect landscape.23,24 It is,
therefore, reasonable to expect that the initial defect distribution in
our MOVPE-grown layers differs from that in bulk Bridgman crys-
tals. Second, our annealing procedure, which employs a protective
cap, creates a localized As-rich environment for the buried layer.
This condition suppresses the formation of arsenic vacancies,
thereby preventing the formation of SiGaVAs.

11

In light of the preceding analysis, the simplified defect model
employed in this work, which excludes arsenic vacancy VAs-related
species, is considered appropriate for describing the dominant defect
behavior under the specific thermal and structural conditions investi-
gated. However, it is essential to recognize that this model is not uni-
versally applicable. In particular, its relevance may be limited for the
sample annealed at the highest temperature of 1000 °C. Under these
conditions, more pronounced arsenic loss may facilitate the forma-
tion of VAs-related complexes or other defect species not captured
within the current framework. Consequently, while the adopted
model describes defect behavior across most of the studied tempera-
ture range, interpretation of results for the 1000 °C case must be
approached with caution, as deviations from the assumed defect
landscape could compromise derived defect concentrations.

Building on the adopted framework and the insights gained
from the qualitative depth profiles, Sec. IV C develops a quantita-
tive approach for correlating ULIE-SIMS signal intensities with
carrier concentration, which is a step toward reconstructing indi-
vidual defect distributions.

C. ULIE-SIMS carrier concentration measurement

1. Empirical calibration model

GaAs:Si exhibits significant compensation from Si-based
defects, requiring a complex carrier concentration calibration
approach based on a combination of As3Si and Ga3Si signals
reflecting the influence of all charged defects: SiGa

+ , SiGaVGa
2−, and

SiAs
− . Based on comparison of ECV carrier concentration distribu-

tions with the measured ULIE-SIMS depth profiles of As3Si and
Ga3Si, we tested and validated the hypothesis that the carrier con-
centration profile for GaAs:Si can be expressed as a linear combina-
tion of the As3Si and Ga3Si ULIE-SIMS signals,

nULIE-SIMS ¼ αAs3Si� βGa3Si, (7)

where nULIE-SIMS is the carrier concentration derived from the
ULIE-SIMS signals, and α and β are proportionality factors repre-
senting the contributions of the As3Si and Ga3Si signals,
respectively.

Figure 4 illustrates the basis for the hypothesis by showing the
key relationship between the ULIE-SIMS signals and the carrier
concentration described in Eq. (7). In Fig. 4, the ECV carrier con-
centration profile (left y axis) is overlaid with the raw ULIE-SIMS
signals for As3Si and Ga3Si (right y axis), plotted on the same
depth scale for the as-grown GaAs/GaAs:Si/GaAs structure. This
comparison visually supports the linear combination relationship
between carrier concentration and As3Si and Ga3Si signals.

Although the initial validation of our hypothesis was carried
out using the as-grown GaAs/GaAs:Si/GaAs structure, optimal
values of the parameters α and β were determined using sets of
non-annealed calibration samples with a simple structure, in which
the nominally doped layer was located directly at the sample
surface. These reference samples exhibited superior surface quality,
confirmed by optical microscopy to be “mirror-like” and defect-
free. Furthermore, the inclusion of calibration sample sets also
enabled evaluation of the universality of parameters α and β, pro-
viding an additional rationale for their use in the optimization
procedure.

The first calibration set (C1–C3) was used to optimize α and
β, which reflect the relative contributions of the As3Si and Ga3Si
signals to the carrier concentration. The final values, along with
their uncertainties estimated from a sensitivity analysis involving
an independent sample set (C4-C6) and the intrinsic variability of
polyatomic SIMS signals, were α = (6.78 ± 0.16) × 1015 cm−3s/cts
and β = (9.64 ± 0.30) × 1015 cm−3s/cts. For more details on the cali-
bration procedure and error estimation, see the “Calibration proce-
dure” and “Error estimation” sections in the supplementary
material.

FIG. 4. Carrier concentration profile measured by ECV profiling (left y axis),
overlaid with raw ULIE-SIMS signals of As3Si and Ga3Si (right y axis) for the
as-grown GaAs/GaAs:Si/GaAs structure. The comparison illustrates the correla-
tion between the carrier concentration and the differential behavior of the two
polyatomic ULIE-SIMS signals [Eq. (7)].
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Figure 5(a) shows the carrier concentration distribution for
the medium-doped calibration sample (C2), comparing ECV mea-
surements with profiles derived using the calibrated ULIE-SIMS
signals. Analogous results for the remaining calibration samples,
C1 (low doped) and C3 (highly doped) are provided in Figs. S1(a)
and S1(b) of the supplementary material. The two methods exhibit
very good agreement for all samples considered.

An independent second set of samples (C4–C6) was used
for two key purposes. First, to evaluate the predictive accuracy of
the model, specifically in the case of non-uniform carrier concen-
tration profiles and second, to estimate the uncertainty of α and
β through sensitivity analysis, which evaluated how the fitted
values would vary if a different combination of calibration
samples were used (see “Error estimation” in the supplementary
material). Figure 5(b) presents the carrier concentration distribu-
tion for sample C5, comparing ECV and ULIE-SIMS-derived
profiles. Results for C4 and C6 are available in Figs. S2(a) and S2
(b) of the supplementary material. The relative deviations
between the integrals of the ULIE-SIMS-derived and ECV carrier
concentration profiles were found to not exceed 3.93%, confirm-
ing the high accuracy and transferability of the calibrated
coefficients.

Beyond validating the model, this comparison highlights key
strength of ULIE-SIMS: its superior depth resolution enables accu-
rate profiling in regions of steep concentration gradients. For
instance, in Fig. 5(b), ULIE-SIMS better resolves carrier transitions
near 50 and 220 nm, where ECV resolution is limited.

The empirical relationship expressed in Eq. (7), derived
directly from the data presented in this work, serves as the foun-
dation for further quantification and interpretation of ULIE-SIMS
results in the context of Si-based defects in GaAs. While Eq. (7)
successfully captures the carrier concentration distribution, it is
important to recognize its inherent limitations. In particular,

although the Ga3Si signal is assumed to scale with the SiAs con-
centration [Eq. (4)], the associated proportionality constant
remains unknown as discussed in more detail in the “Limits of
applicability and interpretative challenges in ULIE-SIMS carrier
concentration analysis” section of the supplementary material.
Similarly, the As3Si signal, reflecting contributions from both SiGa
and SiGaVGa, is governed by an unknown functional relationship
with the respective defect concentrations [Eq. (6)]. As a result,
Eq. (7) enables robust estimation of carrier concentration but
does not permit direct decomposition of the signal into individual
defect contributions.

2. Application to GaAs/GaAs:Si/GaAs structures

Using the empirically confirmed relationship [Eq. (7)],
ULIE-SIMS enables quantitative reconstruction of carrier concen-
tration profiles from As3Si and Ga3Si signals.

Accurate ECV profiling of the annealed GaAs/GaAs:Si/GaAs
samples presented significant challenges, primarily due to surface
degradation arising from arsenic depletion (Fig. 3). This degrada-
tion introduced substantial surface roughness and inhomogeneities,
compromising the reliability of carrier concentration measure-
ments,33,34,39 specifically influencing the depth scale.

Figure 6 presents the comparison of ULIE-SIMS and ECV
carrier concentration profiles obtained for GaAs/GaAs:Si/GaAs
structures in the as-grown state and following annealing at 800–
1000 °C. The ECV results presented here are depth-corrected to the
ULIE-SIMS result. A full discussion of ECV accuracy and measure-
ment procedures is provided in the “ECV measurements” section
of the supplementary material.

The ULIE-SIMS and ECV results show very good overall
agreement across all annealing conditions. Notably, this agreement
persists even for the sample annealed at 1000 °C—despite the fact

FIG. 5. Comparison of the carrier concentration distribution measured using the ECV technique with the distribution obtained from Eq. (7) using ULIE-SIMS depth profiles
of As3Si and Ga3Si signals for (a) a C2 (medium-doped: a total Si level of 4.25 × 1018 atoms/cm3, 1st batch) calibration sample and (b) a C5 [2nd batch, intentional
substrate misorientation 0.2° toward (111)A; a total Si level of 7.2 × 1018 atoms/cm3] calibration sample.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 138, 205701 (2025); doi: 10.1063/5.0281923 138, 205701-9

© Author(s) 2025

https://doi.org/10.60893/figshare.jap.c.8127359
https://doi.org/10.60893/figshare.jap.c.8127359
https://doi.org/10.60893/figshare.jap.c.8127359
https://doi.org/10.60893/figshare.jap.c.8127359
https://doi.org/10.60893/figshare.jap.c.8127359
https://doi.org/10.60893/figshare.jap.c.8127359
https://pubs.aip.org/aip/jap


that this case may fall outside the assumed defect model due to the
arsenic-deficient environment, which could promote the formation
of VAs-related defects not explicitly included in the model.23,24

This is also a critical observation, considering the potential for
topography-induced artifacts in SIMS. For the calibrated linear
combination of Ga3Si and As3Si to accurately reproduce the carrier
concentration measured by ECV, these polyatomic signals must
retain physically meaningful, quantitative information about the
charged-defect landscape, rather than reflecting topographical
noise. This result strongly suggests that any impact from initial
surface roughness on the measurement of the buried layer is
minimal. It validates the use of this method for quantitative carrier
concentration analysis even under challenging annealing conditions
where traditional techniques may be compromised.

The as-grown sample exhibits the highest carrier concentra-
tion in the doped layer (between ∼5 and 6 × 1018 cm−3), indicating
superior electrical properties compared to annealed samples.
However, even in the as-grown material, the ratio of carrier concen-
tration to total Si content (1.4 × 1019 atoms/cm3) is only about
40%, implying that a substantial fraction of the incorporated silicon
remains compensated. While this ratio provides useful information,
it does not fully capture the nuanced interplay of various compen-
sation processes. Consequently, further defect-specific analysis
is required to unravel the distinct contributions of individual
compensation mechanisms.

Carrier concentration profiles for samples annealed at tem-
peratures between 800 and 950 °C demonstrate a significant
initial reduction compared to the as-grown state; however, differ-
ences among these temperatures remain moderate, resulting in
carrier concentrations consistently in the range of ∼3–
4 × 1018 cm−3. In contrast, the sample annealed at 1000 °C dis-
plays a pronounced reduction in carrier concentration (below
∼2 × 1018 cm−3). This marked decline coincides with the pro-
nounced escape of arsenic (Fig. 3) at this elevated annealing
temperature.

Building on these carrier concentration results, Sec. IV D
leverages the established calibration framework to reconstruct
depth-resolved concentration profiles of individual silicon-related
defect species.

D. Defect quantification framework

1. Derivation of quantitative model equations

The quantitative analysis of Si-based defect species is
grounded in the calibrated ULIE-SIMS signals corresponding
to distinct polyatomic ions. The Si2 signal is associated with
Sip (SiGa–SiAs pairs), while Ga3Si serves as an indicator of SiAs.
These signals, combined with the total Si concentration ([Si]) and
the net carrier concentration (n) derived from ULIE-SIMS, allow

FIG. 6. Carrier concentration profiles obtained from ULIE-SIMS using Eq. (7) with calibrated α and β, compared with depth-aligned ECV profiles for GaAs/GaAs:Si/GaAs
samples in the (a) as-grown state and after annealing at (b) 800, (c) 850, (d) 900, (e) 950, and (f ) 1000 °C. ULIE-SIMS and ECV profiles show high consistency across all
samples, confirming the reliability of the ULIE-SIMS approach for quantitative carrier concentration profiling.
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for quantitative defect reconstruction despite the ambiguous inter-
pretation of the As3Si signal.

From Eqs. (1) and (2), we derive the following expressions for
the concentrations of SiGaVGa and SiGa:

[SiGaVGa] ¼ [Si]� n� 2[SiAs �2� ½Sip]
3

, (8)

[SiGa] ¼ 2[Si]þ n� [SiAs �4� ½Sip]
3

: (9)

To express Eqs. (8) and (9) in terms of experimentally mea-
sured ULIE-SIMS profiles, we apply the assumption from Eq. (4).
Based on this relationship, another calibration parameter is intro-
duced: β1, which converts the Ga3Si signal intensity into SiAs con-
centration; thus, we define

[SiAs] ¼ β1Ga3Si: (10)

It is important to distinguish β1 from the previously intro-
duced β coefficient. Although both relate to the Ga3Si signal, β
should not be interpreted as a direct calibration factor for [SiAs].
The empirical relationship expressed in Eq. (7), derived directly
from experimental data, serves as the foundation for carrier
concentration estimation. However, there is no direct evidence that
the β coefficient used in this context can also be interpreted as a
quantitative calibration factor for Ga3Si in relation to SiAs concen-
tration. In fact, analysis presented in the “Limits of applicability
and interpretative challenges in ULIE-SIMS carrier concentration
analysis” section of the supplementary material provides evidence
that such an interpretation may not be valid. To complete the for-
mulation, we also express the total silicon concentration and the Sip
concentration in terms of their respective ULIE-SIMS signals.
These are calibrated using previously established coefficients h and
h1, respectively,

[Si] ¼ hSi, (11)

[Sip] ¼ h1Si2: (12)

By substituting Eqs. (7) and (10)–(12) into the expressions for
[SiGaVGa] and [SiGa] [Eqs. (8) and (9)], we derive the final formulas
linking these defect concentrations directly to measurable

ULIE-SIMS signals,

[SiGaVGa] ¼ hSi� αAs3Siþ βGa3Si� 2β1Ga3Si� 2h1Si2
3

, (13)

[SiGa] ¼ 2hSiþ αAs3Si� βGa3Si� β1Ga3Si� 4h1Si2
3

: (14)

These expressions contain a single remaining unknown calibra-
tion parameter, β1, whereas all other parameters have been previously
determined and are summarized in Table I. Their values were
obtained using a combination of calibration strategies, including stan-
dard SIMS with reference samples for h, extrapolation from the
empirically stable Si2/Si signal ratio across multiple Si-based materials
to derive h1, and comparative fitting to ECV-derived carrier concen-
tration profiles for α and β. Consequently, determining β1 enables
the complete reconstruction of depth-resolved concentration profiles
for all considered Si-related defects using ULIE-SIMS data alone.

2. Calibration of SiAs

To estimate β1, we imposed the condition that calculated from
Eq. (13) [SiGaVGa] remains non-negative across all depths where
As3Si, Ga3Si, and total Si signals exceed detection thresholds
and fall within validated intensity ranges. The maximum value
ensuring this condition, βmax

1 , was found to be approximately
2.05 × 1015 cm−3s/cts. This estimation was performed using the
as-grown sample, as its measured signals impose the most restric-
tive upper limit on β1. In annealed samples, the same physical con-
straint could be satisfied with even larger β1 values, so using the
as-grown case ensures that the chosen βmax

1 is the most conservative
value supported by our data. In the absence of reference material
with the known [SiAs], this physically constrained approach pro-
vides the most direct and experimentally justified means to bound
β1. As the lower boundary for β1, we adopted the calibration factor
corresponding to the detection limit for total silicon (h), justified
by the typically worse detection limit observed for polyatomic
signals compared to monatomic Si. This sets a relatively narrow
range of plausible β1 parameter values (from more than 1.24 to
2.05 × 1015 cm−3s/cts) and implies only a minor contribution of
SiAs to the overall silicon concentration. Specifically, in the
as-grown sample, SiAs constitutes up to roughly 14% of the total
silicon at the interfaces between doped and undoped layers and
only slightly above 2% deep within the doped region.
Consequently, given such low SiAs concentrations and the limited
calibration range for β1, even an overestimation of this parameter

TABLE I. Values of calibration parameters for all measured ULIE-SIMS signals and corresponding physical quantities.

ULIE-SIMS signal (cts/s) Calibration parameter (cm−3s/cts) Physical interpretation

Si h = (1.246 ± 0.019) × 1015 [Si] = hSi; total Si concentration
Si2 h1 = (6.61 ± 0.28) × 1014 [Sip] = h1Si; Sip concentration
As3Si α = (6.78 ± 0.16) × 1015

n = αAs3Si–βGa3Si; carrier concentrationGa3Si β = (9.64 ± 0.30) × 1015

Ga3Si βmax
1 ¼ 2:05� 1015(estimate) [SiAs] = β1Ga3Si; SiAs concentration

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 138, 205701 (2025); doi: 10.1063/5.0281923 138, 205701-11

© Author(s) 2025

https://doi.org/10.60893/figshare.jap.c.8127359
https://pubs.aip.org/aip/jap


will have a relatively small impact on the calculated concentrations
of SiGaVGa and SiGa [Eqs. (13) and (14)] within the nominally
doped layer. Considering that the lower boundary of the β1 range
corresponds to negligible SiAs content, we adopted the upper boun-
dary (βmax

1 ) as the calibration coefficient for the Ga3Si signal to
obtain a quantitative estimate of the SiAs defect concentration.

E. Quantitative depth profiles of Si-based defects

Figure 7 presents calibrated depth profiles of total Si and all
considered silicon-based defects, namely, Sip, SiAs, SiGa, and
SiGaVGa, obtained for the as-grown GaAs/GaAs:Si/GaAs structure
as well as for samples annealed at temperatures ranging from 800
to 1000 °C. These profiles were determined within an adopted

FIG. 7. Quantitative depth profiles of Si-based defects SiGa, SiGaVGa, SiAs, Sip, and total Si obtained for a GaAs/GaAs:Si/GaAs sample in (a) the as-grown state and after
annealing at (b) 800, (c) 850, (d) 900, (e) 950, and (f ) 1000 °C. The depth profiles of individual defects were calculated based on Eqs. (10)–(14) using calibration parame-
ters summarized in Table I.
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model framework using Eqs. (10)–(14) and the calibration coeffi-
cients summarized in Table I. While all temperatures are analyzed
consistently within this framework, the 1000 °C sample exhibited
substantial arsenic loss (Fig. 3), which may promote the formation
of additional defect species not included in the model. The implica-
tions of this potential deviation are addressed in Sec. V.

1. Defect distributions in the as-grown sample: Bulk vs
interface regions

The analysis first focuses on the nominally doped region of
the as-grown sample [Fig. 7(a)], excluding the ∼30 nm interfacial
zones on either side of the doped layer, located between approxi-
mately 500 and 1000 nm. In the considered region, atoms predomi-
nantly occupy gallium sites (SiGa and SiGaVGa), comprising
approximately 96.8%–97.8% of the total silicon in the doped
region. The SiGa donors exhibit a slight increase in concentration
moving from the substrate toward the surface, reaching an average
concentration of about 1.13 × 1019 cm−3, corresponding to roughly
79.0% of the total silicon. The compensating acceptor-like SiGaVGa

2−

complexes, formed by gallium atoms paired with a Ga vacancy,
play a dominant role in limiting carrier concentration. These com-
plexes have an average concentration of about 2.64 × 1018 cm−3

(18.4% of [Si]), effectively neutralizing twice as many donors. The
influence of silicon occupying arsenic lattice sites (SiAs) is negligible
within the bulk of the doped layer, with an average SiAs/SiGa ratio
of approximately 0.0278. Notably, this ratio exhibits a slight gradi-
ent, decreasing approximately linearly along the growth direction,
with values ranging from 0.033 to 0.0238. The compensating effect
due to silicon pairs is even less significant, averaging about
1.25 × 1016 cm−3 (0.4% of total silicon), thus minimally impacting
effective carrier concentration.

Figure 7(a) reveals a distinctly different behavior at the inter-
faces with the nominally undoped layers, where local maxima in
the concentrations of SiGaVGa and SiAs are observed. Figure 8 pre-
sents a close-up to the defect-to-total Si ratio at the interface closest
to the substrate area. This interface exhibits a narrow region
(∼4.5 nm, highlighted in yellow in Fig. 8), with SiGa concentration
dropping to about 73% of total [Si] at its minimum while SiAs rises
to a local maximum of 14.85% of total [Si] and SiGaVGa peaks at
approximately 21.1% of total [Si]. Beyond this abrupt interface, the
defect concentrations gradually stabilize over ∼15 nm (green back-
ground in Fig. 8), converging toward the average concentration
characteristic of the doped bulk region.

At the second interface closer to the surface, a similar but
slightly broader characteristic region of gradual stabilization is
observed (∼25 nm), as well as more pronounced maxima for
SiGaVGa (up to 22.8% of Si total) and for SiAs (up to 12.44% of Si
total), alongside a deeper minimum for SiGa (∼70.5% of Si total).
Nevertheless, the rapid change remains comparable (∼4.5 nm) to
that of the buried interface.

2. Annealed induced changes

To gain deeper insight into the thermally induced redistribu-
tion mechanisms of silicon-based defects, we analyzed the evolu-
tion of SiGa, SiGaVGa, SiAs, and Sip depth profiles in GaAs:Si
structures subjected to post-growth annealing at temperatures

between 800 and 1000 °C. Figures 9(a)–9(d) present a comparative
visualization of these defects, with each panel illustrating the
temperature-dependent behavior of a specific species: Sip (a), SiAs
(b), SiGa (c), and SiGaVGa (d). This enables a direct assessment of
changes in both concentration and spatial distribution, allowing for
a precise identification of thermally induced transformations and
insights into the underlying physical processes.

a. Sip (Si pairs). The concentration of Sip remains nearly cons-
tant across the entire range of annealing temperatures [Fig. 9(a)].
However, the temperature-dependent broadening of the depth pro-
files provides clear evidence of thermally activated diffusion of Sip,
even though the overall extent of migration remains relatively
limited. To quantify this behavior, diffusion coefficients were
extracted by fitting the analytical solution of the one-dimensional
diffusion equation to the experimental Sip profiles. These values
were then plotted in Arrhenius coordinates, and a linear fit was
performed to determine the activation energy (Ea) and pre-
exponential factor (D0), yielding Ea = (1.6 ± 0.1) eV and
D0 = 1.53 × 10−9 cm2/s. Full details of the diffusion model and
fitting procedure are provided in the “Diffusion” section of the
supplementary material. The Arrhenius plot obtained for the Si
pair defect is shown in Fig. 10(a).

b. SiAs. The concentration of SiAs increases after annealing at
all investigated temperatures [Fig. 9(b)]. The SiAs/SiGa ratio varies
across the doping profile, reaching minimum values in the central
region of the nominally doped layer and maximum values near the

FIG. 8. Close-up view of the defect-to-total Si ratio distribution for an as-grown
GaAs/GaAs:Si/GaAs structure at the interface between the nominally undoped
GaAs layer and the doped GaAs:Si layer [corresponding to the deeper buried
interface in Fig. 7(a)]. The yellow shaded region (∼4.5 nm) marks the abrupt
interface zone, characterized by sharp changes in defect-to-total Si ratios. The
green-shaded region (∼15 nm) indicates the subsequent transition zone, where
defect concentrations gradually stabilize toward defect-to-total Si ratio values
representative of the doped bulk region.
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interfaces. For samples annealed at 800–950 °C, the central ratio
falls within the range of 0.065–0.076. The highest central ratio
observed in this study, 0.092, corresponds to the sample annealed
at 1000 °C, which also exhibited arsenic depletion. For all annealed
samples except the one treated at 1000 °C, the interfacial maxima
of the SiAs/SiGa ratio lie between 0.15 and 0.21. In the 1000 °C
sample, this maximum reaches 0.25. Although the total amount of
SiAs within the nominally doped layer increases after annealing, the
dependence on temperature is non-monotonic. The integrated SiAs
dose in this region rises by a factor of 2.40 to 2.74 relative to the
as-grown state. The largest increase (2.74×) occurs for the sample
annealed at 850 °C, followed closely by the 1000 °C sample, which
shows a 2.68× increase. Despite similar integrated concentrations,
the SiAs depth profiles differ substantially between these two
samples. In the 1000 °C sample, the profile is noticeably flatter and
extends beyond the nominally doped region, in contrast to the less

uniform and more confined distributions observed at lower anneal-
ing temperatures.

c. SiGa. The concentration profile of SiGa exhibits behavior
close to thermally activated diffusion from an initial uniform distri-
bution [Fig. 9(c)]. Post-annealing, a general decrease in concentra-
tion is observed within the nominally doped region, accompanied
by the development of diffusion-like tails extending toward both
interfaces. However, the central part of the profile deviates from a
simple Fickian diffusion model. In a purely diffusion-driven
process, one would expect a monotonic decrease in concentration
across the entire profile with an increasing temperature. To assess
deviations from ideal diffusion behavior, the relative SiGa dose was
quantified as a function of annealing temperature and normalized
to the as-grown value [Fig. 10(b)]. Two regions were considered:
the entire nominally doped layer (500–1000 nm) and the central

FIG. 9. Post-annealing depth profiles of silicon-based defects in GaAs:Si structures. Panels (a)–(d) show the temperature-dependent evolution of individual defect species:
(a) Sip, (b) SiAs, (c) SiGa, and (d) SiGaVGa for samples annealed at temperatures ranging from 800 to 1000 °C. Each panel presents calibrated depth profiles, enabling a
direct comparison of both concentration levels and spatial distributions across the annealing series.
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100 nm zone centered at 750 nm. For the central region, a slight
increase in the relative SiGa dose is observed between 850 and
950 °C, rising from approximately 92.5% to 94.4% of the as-grown
value. In contrast, when integrating over the full nominally doped
region, the SiGa dose decreases with increasing temperature. The
only exception is the 900 °C sample, which exhibits a slight increase
when compared to lower annealing temperature. At 1000 °C, a pro-
nounced drop is observed in both regions, with the total SiGa dose
decreasing to approximately 71% of the as-grown value in the

entire nominally doped layer, and to about 83% in the central
region.

To estimate the diffusivity of SiGa, diffusion coefficients were
extracted by fitting the analytical solution of the one-dimensional
diffusion equation to the concentration profiles within the nomi-
nally doped region, assuming constant initial concentration and
idealized slab-like geometry. While this simplified model does not
account for additional mechanisms, such as the observed increase
in concentration, it provides a reasonable approximation of

FIG. 10. Arrhenius plots and relative dose evolution of silicon-based defects in GaAs:Si as a function of annealing temperature. (a) Arrhenius plot for Sip diffusion, derived
from depth profiles. (b) Relative SiGa dose normalized to the as-grown value, shown for both the entire nominally doped region (500–1000 nm) and the central 100 nm sub-
region. The contrasting trends highlight the interplay between diffusion-driven depletion and the defect redistribution via site exchange mechanisms. (c) Arrhenius plot for
SiGa diffusion, obtained using the slab approximation applied to the nominally doped region (excluding 1000 °C). (d) Evolution of Si-based defect fractions in GaAs:Si as a
function of annealing temperature. The graph displays the percentage of total silicon incorporated as SiGa, SiGaVGa, and SiAs within the central 100 nm of the nominally
doped region. SiGa data are shown on the right y axis.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 138, 205701 (2025); doi: 10.1063/5.0281923 138, 205701-15

© Author(s) 2025

https://pubs.aip.org/aip/jap


thermally activated diffusion. The sample annealed at 1000 °C was
excluded from this analysis, as arsenic loss at this temperature
alters the considered defect landscape and may introduce non-
comparable conditions that could bias the extracted parameters.
The resulting diffusion coefficients for the remaining temperatures
were plotted in Arrhenius coordinates, yielding an approximately
linear relationship. From the linear fit, an activation energy of
Ea = (0.595 ± 0.082) eV and a pre-exponential factor of
D0 = 4.5 × 10−12 cm2/s were obtained [Fig. 10(c)].

d. SiGaVGa. The evolution of an SiGaVGa distribution with
annealing temperature is shown in Fig. 9(d). At 800 °C, an increase
in the SiGaVGa concentration is observed in the central region of
the nominally doped layer, accompanied by a reduction near the
interfaces compared to the as-grown sample. Within the central
zone, the fraction of SiGaVGa relative to the total Si content
increases from approximately 18.3% (as-grown) to 20.5% and
remains nearly unchanged at 850 °C (20.6%). With a further tem-
perature increase, this fraction gradually decreases, reaching 19.8%
at 900 °C and 19.0% at 950 °C. At 1000 °C, however, a marked
increase is observed: the SiGaVGa fraction in the central region rises
to 25.4%, exceeding all values registered at lower annealing temper-
atures. Additionally, a distinct change in the slope of the SiGaVGa

diffusion tail appears beyond the Ga3Si signal maxima, near the
interfaces with the nominally undoped region.

Figure 10(d) presents the temperature dependence of the rela-
tive fraction of Si incorporated in the form of SiGa, SiGaVGa, and
SiAs within the central 100 nm subregion of the nominally doped
layer. By focusing on this central zone-where depth-dependent dif-
fusion effects are minimized—the analysis emphasizes the intrinsic
response of defect populations to annealing conditions.

V. DISCUSSION

A. Interpretation of quantitative defect profiles

1. Defect distribution in an as-grown sample

The quantitative depth profiles of Si-based defects provide a
detailed view of dopant incorporation and their thermal redistribu-
tion in GaAs. The as-grown bulk region is dominated by silicon on
the gallium sublattice, with only a minimal fraction of silicon
atoms incorporating as SiAs acceptors. The SiAs/SiGa ratio agrees
well with the average value of 0.02718 reported by Ishida et al. for
an epitaxial layer doped on a similar level grown by molecular
beam epitaxy (MBE), indicating a strong resemblance in the defect
landscape of epitaxial samples prepared by different methods. The
Si-based defects’ behavior at the interfaces becomes significantly
more intricate, defined by the appearance of sharp, localized
maxima in the concentrations of the compensating SiGaVGa and
SiAs. The observed defect distribution features at the interfaces
between nominally doped and undoped layers can be interpreted
through step-by-step physical reasoning based on transient changes
in doping conditions during epitaxial growth. Initially, the
undoped layer exhibits defect populations that are characteristic of
As-rich optimized MOVPE growth conditions. These include
arsenic antisites AsGa gallium vacancies VGa, and, to a lesser extent,
arsenic vacancies VAs.

40–44 The free electron concentration remains

relatively low, establishing a baseline for the subsequent introduc-
tion of silicon dopants. Upon activating the silicon source, a signifi-
cant influx of silicon atoms preferentially incorporates into gallium
lattice sites (SiGa), introducing donor states and increasing local
electron concentration.2,5,7,45 This transition modifies the local
chemical potential and the Fermi level position4,46,47 toward the
conduction band, thereby altering the thermodynamic driving
forces for defect formation. Silicon atoms start occupying arsenic
sites (SiAs) to accommodate for a sudden change by shifting the
Fermi level back toward a valence band and closer to its position
within an undoped layer, thus contributing to compensation. This
behavior is consistent with the well-known amphoteric nature of
silicon in GaAs.2,6 Additionally, increased electron concentration
reduces the formation energy for negatively charged gallium vacan-
cies (VGa

3−), making their generation energetically favor-
able11,22,40,43,46 and shifting Fermi energy level toward the valence
band. Electrostatic attraction between positively charged SiGa

+

donors and negatively charged VGa
3− acceptors can lead to the for-

mation of electrically active defect SiGaVGa
2− complexes. The pairing

of these oppositely charged defects reduces the overall Coulombic
energy of the system.2 The interplay between donor incorporation
and compensating defect formation leads to pronounced transient
maxima of SiGaVGa and SiAs defects at the undoped/doped GaAs
interface [Fig. 5(a)]. These defect maxima reflect a temporary
imbalance as the material dynamically accommodates new doping
conditions. As growth continues deeper into the doped region, the
influence of the underlying intrinsic/undoped layer gradually
diminishes. With continuous silicon doping, defect populations
have more time to redistribute, allowing compensating defects to
partially recombine or migrate away. Thus, the number of SiGaVGa

and SiAs moves toward lower bulk equilibrium concentration.
When doping is abruptly terminated at the second interface, transi-
tioning back to intrinsic conditions, a similar transient adjustment
occurs. The sudden drop in donor concentration triggers a defect
redistribution. Again, compensating defects, such as SiGaVGa and
SiAs, briefly peak to accommodate this rapid shift, creating a symmet-
rical but slightly more pronounced defect profile compared to the
first interface. The less pronounced peak in the deeper, buried inter-
face has undergone prolonged thermal annealing during the growth
of subsequent layers, which could explain partial relaxation and
redistribution of defects, reflecting a state closer to equilibrium condi-
tions. The undoped region lacks the necessary thermodynamic
driving force (low electron concentration and higher defect formation
energies), effectively preventing diffusion of silicon and its associated
defects into the undoped layer. Consequently, sharp defect maxima
and an Si redistribution occur only within the doped region. The use
of the ULIE-SIMS technique provides a unique capability to quanti-
tatively track individual silicon-based defect species during abrupt
doping transitions and thermal treatments in GaAs:Si structures.
This approach, offering subnanometer depth resolution, opens new
paths for exploring dopant incorporation, compensation mecha-
nisms, and defect diffusion in GaAs systems.

2. Annealing-induced defect transformations

a. Sip. To the best of our knowledge, the diffusion parameters
of the Si pair have been quantitatively extracted from
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depth-resolved experimental data for the first time. The observation
that the profile broadens with temperature while the total dose
remains constant supports the hypothesis that Sip diffuses as an
intact complex, rather than through dissociation into individual
atoms. Several diffusion models have previously addressed the role
of Si–Si pairs in GaAs. In one of the earliest models, Greiner and
Gibbons proposed that nearest-neighbor Si pairs act as the domi-
nant diffusing species.48 While our results demonstrate that this
assumption does not hold in the case of GaAs:Si at the doping
levels investigated, we nonetheless find agreement with the broader
concept that Si pairs can act as mobile species, however, with very
limited mobility. On the other hand, the Si–V model proposed by
Yu et al.4 assumes that Si pairs are immobile and do not contribute
to diffusion. Although our findings clearly indicate some degree of
Si2 mobility, the very low concentration of Si involved in forming
pairs (less than 0.5% of total Si in our samples) combined with
their low diffusion coefficient suggests that their role in an overall
dopant redistribution is indeed minimal. This implies that, for epi-
taxial structures with moderate doping levels, the neglect of Si pair
diffusion in simplified models may still yield accurate macroscopic
predictions. More recent work,5 including DFT-based continuum
models, has treated Si pairs as both stable and mobile, with
second-nearest-neighbor jumps on the Ga sublattice exhibiting
energy barriers around 1.84 eV. This qualitative framework aligns
well with our experimental observations, which confirm both the
stability and limited mobility of Sip. Notably, our experimentally
determined activation energy (1.63 eV) is not far from the pre-
dicted migration barrier. Another recent work9 investigated the Si
behavior at higher doping levels (2–4 × 1019 atoms/cm3). High
angular resolution electron channeling x-ray spectroscopy
(HARECXS) and x-ray absorption fine structure (XAFS) studies,
supported by DFT calculations, revealed the formation of neutral
SiGa–SiAs dumbbell configurations, stabilized through covalent
bonding and consistent with our identification of Si–Si pairs. Their
results also indicated that the presence of adjacent VAs enhances the
stability of such complexes.9 Although our study focuses on a lower
doping regime, we observe that even annealing at 1000 °C, which
resulted in As-poor conditions, did not cause a significant increase in
the Sip concentration. This suggests that the initial As-rich growth
conditions could limit the population of Si pairs. It should be
emphasized that the Si2 depth profile was obtained by directly
probing Si–Si bonds, without relying on additional material-based
assumptions used for other defect species (SiGa, SiGaVGa). This
makes their quantification robust against the presence of additional
silicon defects, such as SiGaVAs, which have been reported in some
studies.23,24 Hence, the applied methodology provides a foundation
for future, systematic studies on the formation mechanisms of Si2
pairs as a function of growth and thermal processing conditions.

b. SiAs. Annealing induces a significant increase in the concen-
tration of SiAs defects. The SiAs/SiGa ratios in the central region of
our samples (0.06–0.076 for 800–950 °C) agree with the average
value reported by Ishida et al. for MBE-grown epitaxial layers
doped at comparable levels and annealed at 580 °C, which yielded a
value of 0.077.18 In that study, ratios approaching 0.2 were observed
for n-type GaAs substrates with carrier concentrations above
1.5 × 1018 cm−3; this value is comparable to the interface-adjacent

SiAs/SiGa ratios measured in our annealed samples. These results
indicate that post-annealing, MOVPE-grown layers can exhibit
SiAs/SiGa ratios similar to those in MBE-grown material under com-
parable doping conditions.

Despite the elevated temperature, the diffusion tails of SiAs
extending beyond the originally doped region remain similar across all
annealing temperatures, suggesting that SiAs is considerably less mobile
than SiGa. However, conclusions regarding SiAs diffusivity remain
limited, as the observed redistribution cannot be fully explained by dif-
fusion. The profile evolution points to the involvement of additional
mechanisms, such as site exchange processes or defect-mediated trans-
formations, that can contribute to the changes in the SiAs distribution.
Moreover, the redistribution observed within the doped layer is consis-
tent with DFT calculations, which predict relatively low energy barriers
for Si jumps between Ga and As sublattices.5

For the 1000 °C annealed sample, the flattening of the SiAs
depth profile may be related to changes in defect energetics under
As-poor conditions. At this temperature, the substantial As defi-
ciency in the doped layer could increase the availability of As
sites throughout much of the layer, providing a driving force for
SiGa→ SiAs site-switching and tending to reduce spatial variations
in the SiAs distribution.

It should be noted that SiAs is detected via the Ga3Si signal,
which reflects silicon atoms bonded to gallium atoms rather than the
presence of vacancies themselves. Therefore, even in an As-deficient
matrix, ULIE-SIMS likely qualitatively captures the spatial distribu-
tion of SiAs defects. While it cannot be fully verified whether the pro-
portionality between the Ga3Si signal and SiAs remains unchanged
under these extreme conditions, the continued validity of the empiri-
cal relationship between As3Si, Ga3Si, and carrier concentration at
1000 °C suggests that, even in this regime, the measured signals
reflect a quantitative relationship between all charged defects, includ-
ing SiAs. The potential influence of the As-poor environment on the
calibration parameter cannot be excluded, and if such effects are
confirmed in future studies, the already estimated quantification of
SiAs at 1000 °C would need to be revisited.

c. SiGa. While the overall redistribution of SiGa resembles
thermal diffusion, the presence of a local increase in the SiGa con-
centration in the center of the profile at intermediate annealing
temperatures [Fig. 9(c)] suggests partial local transformation of Si
atoms from compensating defect configurations, such as SiAs or
SiGaVGa, back into substitutional donor-active SiGa sites.
Considering the observed changes in the SiAs concentration and
the coupled evolution of SiGa and SiAs during annealing, it is plau-
sible that sublattice exchange reactions play a key role in the redis-
tribution dynamics. DFT calculations predict that the energy
barrier for a Si atom to migrate from an As site to a Ga sublattice
site is approximately 0.4 eV, while the reverse process requires only
∼0.1 eV.5 Although our calculations neglect the minor, non-Fickian
contribution from defect transformations, the experimentally deter-
mined activation energy for SiGa diffusion [Ea = 0.595±0.082 eV;
Fig. 8(c)] falls within a comparable range, suggesting that sublattice
exchange may be the dominant mechanism in the diffusion behav-
ior of SiGa in the nominally doped region.

Despite these complex redistribution dynamics, the net effect
of annealing is not an increase in dopant activation. On the
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contrary, the SiGa concentration generally decreased upon anneal-
ing, which suggests that annealing under the studied conditions
does not facilitate dopant activation; rather, the role of SiGa as a
donor becomes suppressed compared to the as-grown state.
Notably, the As3Si signal increases upon annealing in the nomi-
nally doped region. The contrasting trend between the As3Si signal
intensity [Fig. 2(d)] and the actual SiGa concentrations [Fig. 9(c)]
underscores the need for careful interpretation. Both structurally
similar SiGa and SiGaVGa defects contain silicon-arsenic bonds and
contribute to the As3Si signal, precluding a simple proportionality
to just one species.

The sharp decrease in the SiGa concentration observed at
1000 °C [Fig. 8(b)] is attributed to arsenic loss during
high-temperature annealing, which alters the defect energetics and
promotes the transformation of substitutional SiGa into other
configurations under As-poor conditions. We note, however, that
previous studies have reported the formation of electronically rele-
vant concentrations of VAs-related defects in As-deficient GaAs, a
species not included in our current defect model, leading to a mis-
interpretation of the SiGa profile in this extreme case. Further work
on systems with a confirmed As-poor defect landscape is needed to
clarify how variations in the underlying defect populations influ-
ence the measured ULIE-SIMS signals and, in turn, impact the
applicability and accuracy of the present quantification framework.

d. SiGaVGa. The observed redistribution of SiGaVGa with tem-
perature indicates a shift in the dominant compensation mecha-
nism across different regions of the sample. Within the nominally
doped region, SiGaVGa remains the primary compensating species.
However, in the adjacent undoped regions, SiGaVGa and SiAs
appear to contribute in a more comparable manner. The spatial
correlation between these two defects suggests an interdependence
in their redistribution behavior.

Within the framework adopted in this work, the pronounced
increase in the calculated SiGaVGa concentration at 1000 °C in the
central region of the doped layer is interpreted as evidence for
enhanced formation of this defect complex under arsenic-deficient
conditions, likely occurring at the expense of isolated SiGa donors.
However, if additional defects, such as SiGaVAs, were to form in sig-
nificant concentrations at this temperature, the derived SiGa and
SiGaVGa profiles would no longer represent the true defect distribu-
tion, and the underlying assumptions regarding total silicon
content and the set of defects influencing the carrier concentration
would require revision to establish a more suitable framework.
Because SiGaVAs shares the same Si-As bonding motif as both SiGa
and SiGaVGa, its potential contribution to the As3Si signal cannot
be excluded on the basis of the present ULIE-SIMS data.
Investigating the possible influence of such defects, therefore,
remains an open question for future studies. The observed agree-
ment between ULIE-SIMS-derived and ECV carrier profiles at
1000 °C may, therefore, indicate either that neutral SiGaVAs defects,
if present, do not significantly influence the As3Si signal, leaving
assumption from Eq. (2), effectively valid, or that the empirical
carrier–signal relationship captures the net charged-defect land-
scape, including possible contributions from unmodeled defects or
defect–vacancy interactions, without explicit identification of all
participating species. Distinguishing between these scenarios, and

clarifying the possible influence of SiGaVAs or related complexes,
remains an open topic for future investigation.

Altogether, these detailed defect-resolved analyses highlight
the complex interplay between diffusion and site-specific redistri-
bution processes. The insights gained from our depth-resolved
ULIE-SIMS methodology set the stage for a broader understanding
of silicon-based defect dynamics and provide a foundation for opti-
mizing doping strategies and defect control in advanced epitaxial
semiconductor technologies.

B. Outlook for defect analysis using ULIE-SIMS

While several techniques have contributed significantly to our
understanding of dopant behavior and defect formation in GaAs:Si,
each comes with inherent limitations that hinder comprehensive
defect-specific depth profiling. The approach presented in this
study addresses a critical gap between atomic-scale identification
and device-scale relevance.

Atomic-resolution methods, such as scanning tunneling
microscopy (STM), have proven highly effective in identifying indi-
vidual point defects in GaAs, including SiGa and SiAs.

2,13,18–20 In
certain cases, complementary techniques, such as positron annihi-
lation spectroscopy (PAS), have been used to provide additional
insight, particularly for vacancy-related species.13,22 However, while
STM excels in atomic-scale defect identification, it is inherently a
surface-sensitive technique and not optimized for quantitative
depth profiling. Moreover, obtaining statistically meaningful defect
concentrations typically requires a large number of localized mea-
surements across multiple surface regions,2,18 making comprehen-
sive, device-scale profiling time-consuming and experimentally
demanding.

On the other hand, spectroscopic techniques, including infra-
red absorption and X-ray absorption spectroscopy (XAS), provide
element-specific insight into local coordination and chemical
bonding environments, typically averaged over relatively large
volumes compared to surface-sensitive methods. These methods
have been successfully used to study bonding configurations of
Si-based complexes in GaAs:Si.8,49 However, their inherently mac-
roscopic sampling leads to a loss of depth resolution, making it
challenging to study nanoscale variations or interfacial effects.

Traditional SIMS combined with ECV has long served as a
workaround to infer compensation levels by comparing total dopant
concentration with the measured carrier concentration profile.50 This
approach is invaluable for determining device-relevant electrical
properties but lacks insight into why compensation occurs. Without
knowledge of the specific defect species responsible, optimizing acti-
vation strategies becomes a process of trial and error. The feedback
loop between material processing and device performance remains
incomplete.

In contrast, ULIE-SIMS offers a uniquely integrated solution.
It combines the bonding sensitivity of spectroscopy with the depth
resolution, enabling subnanometer quantitative profiling of chemi-
cally distinct defect species, including SiGa, SiAs, SiGaVGa, and Sip. It
also provides an alternative route to carrier concentration profiling,
particularly when ECV is limited by surface roughness51 or depth
calibration uncertainties. In our implementation, the depth scale is
directly tied to the total Si profile, ensuring repeatability. While
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ECV remains indispensable for establishing calibration coefficients
in systems not yet extensively studied, ULIE-SIMS offers high
depth resolution and robustness against surface-quality variations.

Our results demonstrated that thermal annealing, commonly
employed to improve dopant activation, did not enhance the con-
centration of substitutional SiGa donors. Instead, it facilitated the
redistribution of silicon into compensating configurations—
including SiAs and SiGaVGa complexes—ultimately limiting electri-
cal activation. This confirms that while conditions used in this
study are insightful for studying fundamental defect behavior, they
are not optimal for maximizing activation, underlining the
necessity of systematic studies to develop more effective activation
protocols, specifically by exploring the defect dynamics within the
lower, technologically relevant temperature range. Crucially, the
ULIE-SIMS methodology introduced in this work enables such
optimization to be guided by defect-specific insights, moving
beyond traditional approaches relying solely on free-carrier
measurements.

ULIE-SIMS capacity to distinguish specific defect species with
depth resolution makes it particularly valuable in systems where
conventional electrical techniques fall short. Beyond GaAs-based
structures, this approach could be effectively applied to other
doped semiconductors, including wide-bandgap materials, such as
β-Ga2O3, where standard electrochemical methods are often
restricted.29 By enabling direct access to chemically specific depth
profiles, this technique could potentially become a platform for
advancing defect characterization across diverse material classes.

While this study demonstrates the potential of ULIE-SIMS for
defect-resolved profiling, its current quantitative implementation
relies on an assumed defect landscape for the material under inves-
tigation. This requirement can limit applicability in cases where the
dominant defects are not well known or may vary significantly
with the growth method, doping regime, or post-growth processing.
In this regard, there is strong potential for synergy between
ULIE-SIMS and complementary defect-identification methods,
such as STM or PAS, which can provide validation of defect
species. Broader studies on GaAs:Si with varied defect landscapes
in material type, growth, and processing would clarify how defect
changes influence ULIE-SIMS signals and the robustness of quanti-
fication. In the present work, we analyze epitaxial GaAs:Si struc-
tures, but other preparation routes could yield different initial
defect configurations that would further test the method’s general-
ity. It is also important to note that our quantification framework
is not absolute: for example, the calibration parameter β1 relating
the Ga3Si signal to SiAs is estimated internally within the model
and would benefit from independent cross-validation in future ded-
icated studies. Moreover, advancing the predictive capabilities of
ULIE-SIMS will require a deeper theoretical and experimental
understanding of the complex polyatomic ion formation processes,
which at present are treated empirically. Addressing these areas will
strengthen both the interpretative power and the general applicabil-
ity of ULIE-SIMS for defect profiling in semiconductors.

Overall, ULIE-SIMS emerges as a powerful diagnostic tool for
refining annealing protocols, optimizing activation strategies, and
evaluating defect-driven degradation mechanisms. By providing
access to quantitative depth profiles of specific defect species,
this method opens new pathways for feedback-driven process

optimization and more targeted approaches to doping and defect
control in advanced semiconductor structures.

VI. CONCLUSIONS

This study demonstrates a comprehensive methodology for
defect-resolved quantitative profiling of silicon-based species in
GaAs:Si using ULIE-SIMS. By combining polyatomic signal analy-
sis with a robust calibration framework grounded in electrochemi-
cal capacitance–voltage measurements, we establish a route to
simultaneously determine the quantitative depth distributions of
SiGa, SiGaVGa, SiAs, and Sip defects with subnanometer resolution.

We introduce and validate a calibration model in which the
ULIE-SIMS signals As3Si and Ga3Si serve as weighted indicators of
charged-defect species contributing to the free-carrier concentra-
tion. The empirical relation derived from this model enables accu-
rate carrier profiling even in samples where a traditional ECV
technique is challenged by surface roughness, inhomogeneities, or
potentially complex doping architectures.

The developed methodology was applied to a multilayer
GaAs/GaAs:Si/GaAs structure subjected to post-growth annealing
across a range of temperatures (800–1000 °C). Within the defect
framework adopted in this work, results revealed evidence of
defect-specific redistribution mechanisms, including the thermally
activated diffusion of SiGa and Sip species, the sublattice exchange
between SiGa and SiAs, and enhanced SiGaVGa complex formation
under arsenic-deficient conditions. Activation energies and diffu-
sivity coefficients for selected defects were extracted directly from
the measured depth profiles, providing new experimental insights
for future modeling efforts. Notably, the ability to access both bulk
and interface regions enabled a detailed examination of doping
transitions, revealing pronounced peaks in compensating defects at
the boundaries of the doped region. These findings suggest that
local variations in the Fermi level and defect formation energy
during epitaxial growth drive transient defect dynamics. While
these conclusions are drawn within the specific defect landscape
assumed here, we acknowledge that the quantitative framework
depends on this assumption, and that further work on systems
with systematically varied defect configurations will be important
to test the method’s generality.

Overall, this work establishes ULIE-SIMS as a powerful tool
for spatially resolving electrically active and compensating defects
in doped semiconductors, representing significant advancement
over conventional profiling methods. By mapping the quantitative
distributions of Si-based defects, it lays the groundwork for more
detailed investigations into doping behavior and contributes both
to the development of experimental strategies aimed at minimizing
electrical compensation in device-relevant structures and to the
advancement of models describing defect dynamics.

Furthermore, the future prospects outlined in this study high-
light the broad potential of this methodology to impact a wider
range of semiconductor systems, reinforcing its value as a versatile
platform for advancing defect engineering and materials design.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on calibration and
validation of ULIE-SIMS for carrier concentration profiling,
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technical details of ECV measurements, discussion of interpretative
limitations and applicability boundaries of ULIE-SIMS carrier con-
centration analysis, details of the model used for defect diffusion
analysis, including discussion of total Si diffusion, and error estima-
tion of calibration parameters. Supplementary material 2 contains
ULIE-SIMS signal datasets for C1–C6 calibration samples.
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